PURPOSE.
To determine microvasculature changes in the deep optic nerve head (ONH) and peripapillary tissues after trabeculectomy, and to correlate these with changes in the lamina cribrosa (LC) curvature.
METHODS. Fifty-six eyes with primary open-angle glaucoma that underwent trabeculectomy were included. The optic nerve and peripapillary microvasculature were evaluated in en face images obtained using optical coherence tomography (OCT) angiography (OCTA) before and 3 months after trabeculectomy. The OCTA-derived vessel density (VD) was calculated in each layer segmented into the prelaminar tissue (PLT), LC, peripapillary retina (PR), and peripapillary choroid (PPC). Swept-source OCT volume scanning of ONH was performed on the same day as OCTA to examine the change in LC curvature quantified as the LC curve index (LCCI).
RESULTS
. At 3 months postoperative, the IOP and LCCI had significantly decreased (both P < 0.001). OCTA images revealed a significant increase in VD in the LC (P ¼ 0.006), but not in the PLT, PR, or PPC. Twenty-six eyes showed both significant LCCI decrease and VD increase based on 95% Bland-Altman limits of agreement. The VD increase in the LC was significantly associated with larger percentage reductions in IOP (P ¼ 0.040) and LCCI (P < 0.001) in the univariate analysis. Multivariate analysis revealed that only the LCCI reduction was a significant factor affecting the VD increase in the LC.
CONCLUSIONS.
A significant increase in VD was observed at the level of the LC after trabeculectomy. The VD increase was more strongly associated with the reduction in the LC curvature than with the reduction of IOP.
Keywords: lamina cribrosa, intraocular pressure, blood flow, trabeculectomy A n elevated intraocular pressure (IOP) is the most important factor contributing to glaucomatous optic nerve damage. [1] [2] [3] [4] Mechanical compression and deformation of the lamina cribrosa (LC) associated with IOP elevation is considered to induce axonal injury in glaucoma, by causing kinking and pinching of the retinal ganglion cell (RGC) axons passing through the laminar pores that promote or initiate the blockade of axonal flow. [5] [6] [7] It has been shown recently that the degree of LC deformation as measured by the LC depth 8 or LC curvature 9 could be reversed after surgically reducing the IOP. The reversal of LC deformation was associated with a slower rate of glaucomatous thinning of the retinal nerve fiber layer (RNFL), 10 suggesting that the LC reversal may relieve the mechanical stress being imposed on the RGC axons.
IOP-related mechanical stress within the LC can also induce an ischemic insult on the RGC axons. 11 From a biomechanical perspective, an elevated IOP can deform the capillarycontaining laminar beams, thereby reducing the blood supply to the laminar segments of the axons. 11 Based on this concept, the reversal of LC deformation with IOP lowering may relieve the compression of the laminar capillaries and thereby enhance the blood supply to the axons.
Optical coherence tomography (OCT) angiography (OCTA) enables noninvasive imaging of the microvasculature in ocular tissues in segmented layers. Studies using OCTA found that the peripapillary retina (PR) microvasculature improved after IOP lowering in glaucomatous eyes 12, 13 ; however, it remains to be determined whether IOP-lowering treatment also affects the microvasculature in the deep optic nerve head (ONH) and in peripapillary tissues such as the LC or the choroid.
The present study aimed to determine microvasculature changes within the deep ONH and peripapillary tissues after performing surgical IOP lowering in primary open-angle glaucoma (POAG), and to correlate the microvascular changes with the magnitude of the LC-curvature reversal. To achieve this aim, the vessel density (VD) was evaluated separately in the segmented layers of the prelaminar tissue (PLT), LC, PR, and peripapillary choroid (PPC) using en face images obtained by OCTA.
METHODS
This study involved POAG patients who were enrolled in the Investigating Glaucoma Progression Study (IGPS), an ongoing prospective study of glaucoma patients at the Glaucoma Clinic of Seoul National University Bundang Hospital. All subjects provided written informed consent to participate. The study protocol was approved by the Institutional Review Board of Seoul National University Bundang Hospital and followed the tenets of the Declaration of Helsinki.
Participants
All participants underwent comprehensive ophthalmic examinations, which included assessments of best-corrected visual acuity (BCVA), Goldmann applanation tonometry, a refraction test, slit-lamp biomicroscopy, gonioscopy, stereo disc photography, red-free fundus photography (EOS D60 digital camera; Canon, Utsunomiyashi, Tochigiken, Japan), central corneal thickness measurement (Orbscan II; Bausch & Lomb Surgical, Rochester, NY, USA), and axial length measurement (IOLMaster version 5; Carl Zeiss Meditec, Dublin, CA, USA). Peripapillary RNFL thickness was measured by spectral-domain OCT (Spectralis; Heidelberg Engineering, Heidelberg, Germany). Other ophthalmic examinations included standard automated perimetry (Humphrey Field Analyzer II 750, 24-2 Swedish interactive threshold algorithm; Carl Zeiss Meditec) and sweptsource OCT scanning of the ONH and OCTA (DRI OCT Triton; Topcon, Tokyo, Japan). Clinical history was also taken from participants, including demographic characteristics and the presence of cold extremities, migraine, and other systemic conditions. Systolic and diastolic blood pressures (BPs) were measured using a digital automatic BP monitor (Omron HEM-770A; Omron Matsusaka Co., Ltd., Matsusaka, Japan). Mean arterial pressure (MAP) was calculated using the expression MAP ¼ diastolic BP þ 1/3 (systolic BP À diastolic BP), and mean ocular perfusion pressure (MOPP) was calculated using the equation MOPP ¼ 2/3 (MAP À IOP) at the time of OCTA.
POAG was defined as the presence of an open iridocorneal angle, signs of glaucomatous optic nerve damage (i.e., neuroretinal rim thinning, notching, or a RNFL defect), and a glaucomatous visual field (VF) defect. A glaucomatous VF defect was defined as a defect conforming with one or more of the following criteria: (1) outside normal limits on a glaucoma hemifield test, (2) three abnormal points with a <5% probability of being normal and one abnormal point with a <1% probability by pattern deviation, or (3) a pattern standard deviation of probability <5% confirmed on two consecutive reliable tests (fixation loss rate of 20% and false-positive and false-negative error rates of 25%).
The exclusion criteria were eyes with a BCVA worse than 20/40, a spherical equivalent of <À8.0 diopters (D) or >þ3.0 D, a cylinder correction of <À3.0 D or >þ3.0 D, a history of intraocular surgery with the exception of uneventful cataract surgery, and retinal (e.g., diabetic retinopathy, retinal vessel occlusion, or retinoschisis) or neurological diseases (e.g., pituitary tumor).
Those patients included in the IGPS who underwent trabeculectomy and for whom pre-and postoperative OCTA results were available were included in the present study. Indications for trabeculectomy were IOP deemed to be associated with a high risk of progression, or glaucomatous progression of the VF or optic disc despite taking the maximum tolerated medications. All ocular hypotensive medications were continued up to the time of surgery. Eyes with signs of hypotony, maculopathy, or disc edema after surgery were excluded.
The microvasculature in the deep ONH and peripapillary area was evaluated using OCTA at 1 day before surgery and 3 months postoperatively. Swept-source OCT scanning of the ONH and measurement of IOP were performed at the time of OCTA.
Measurement of VD Using OCTA
The optic nerve and peripapillary area were imaged using a commercially available swept-source OCTA device (DRI OCT Triton; Topcon), with a central wavelength of 1050 nm, an acquisition speed of 100,000 A-scans per second, and axial and transversal resolutions of 7 and 20 lm in the tissue, respectively. This instrument uses an active eye tracker that follows the eye movement, detects blinking, and adjusts the scan position accordingly, thereby reducing motion artifacts during the acquisition of OCTA images. Scans were taken from 4.5 3 4.5-mm cubes, with each cube consisting of 320 clusters of four repeated B-scans centered on the optic disc. En face projections of the volumetric scans made it possible to visualize the structural and vascular details within each segmented layer. Each included B-scan image had an image quality score of ‡30, in accordance with the manufacturer's recommendation. When the quality of the OCTA images was poor (e.g., due to blurring) or when the vascular signal was blocked by artifacts (e.g., due to blinking or masking 14 ), the eye was excluded from the analysis.
The DRI OCT Triton device allows the microvasculature in regions of interest (ROIs) to be evaluated in a customized manner. Using manual segmentation, en face OCTA images were first produced in the segmented layers of the PLT (from the internal limiting membrane to the anterior LC border) and PR (from the internal limiting membrane to the retinal pigment epithelium), and then of the LC (from the anterior to posterior borders of the LC) and PPC (below the RPE including the choroid and anterior sclera) ( Fig. 1A) .
The scanned images were extracted from the OCTA instrument and imported into the publicly available ImageJ software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). Because contrast among en face images can differ between those obtained before and after the surgery, which may result in a falsely higher/lower VD, the extracted en face images were binarized according to Niblack's method. 15, 16 The idea of Niblack's method is to vary the threshold over the image, based on the local mean, m, and local standard deviation, s, computed in a small neighborhood of each pixel. A threshold for each pixel is computed from T ¼ m þ k*s, where k is a user-defined parameter and constant getting negative values. The black region was considered as vascular area and its number of pixels was quantified with ImageJ software. Four ROIs were determined based on Bruch's membrane opening (BMO; inner ellipse in Figs. 1D, 1E) and a 750-lm-wide elliptical annulus extending outward from the BMO (outer ellipse in Figs. 1D, 1E). The ROIs encompassed by the inner ellipse were used to assess VDs in the PLT and LC, and those between the inner and outer ellipses were used to assess VDs in the PR and PPC. The VD in each ROI was calculated by dividing the number of pixels in the vascular area by that of the ROI and expressing this as a percentage. The VD was measured on the images obtained preoperatively and 3 months postoperatively.
Measurement of LC Curve Index (LCCI)
The degree of LC deformation was assessed by measuring the LC curvature in the seven locations equidistant across the vertical optic disc diameter using horizontal B-scan images. The LC curvature was determined using the LCCI, which was defined as the inflection of a curve representing a section of the LC. 9, 17 The LCCI was determined by first measuring the width of BMO (W) and then measuring the LC curve depth (LCCD) within the BMO in each B-scan (Fig. 2 ). The BMO width (W) was defined as the distance between the temporal and nasal termination point. Lines were drawn from each Bruch's membrane termination point perpendicular to the BMO reference line, until they met the anterior LC surface. The line connecting the two points on the anterior LC surface was used as the reference line to measure the LCCD, which was defined as the maximum LC depth from the reference line (Fig.  2) . The LCCI was then calculated as (LCCD/W) 3 100. Because the curvature was thereby normalized according to LC width, it describes the shape of the LC independent of the actual size of the ONH. Only the LC within the BMO was considered because the LC was often not clearly visible outside of the BMO. In eyes with LC defects, the LCCI was measured using a presumed anterior LC surface that best fit the curvature of the remaining part of the LC or excluding the area of LC defect. Before the measurement, the visibility of the peripheral LC was enhanced by postprocessing images by using adaptive compensation. 18, 19 Measurement was performed by using a manual caliper tool in the Amira software (version 5.2.2; Visage Imaging, Berlin, Germany) at seven selected B-scan images spaced equidistantly across the vertical optic disc diameter in each eye. The measurements obtained from the seven B-scans were used to calculate the mean LCCI of the eye.
The LCCI was measured on the B-scan images obtained preoperatively and 3 months postoperatively. For the follow-up measurement, the B-scan images were selected to correspond with those that had been selected for the baseline measurements by using the en face images and the low reflective shadow within the LC to confirm the correspondence of the Bscan image series between the two time points. [8] [9] [10] The LCCIs were measured by two experienced observers (JAK and EJL) who were masked to the clinical information. The average of the measurements from each of the two observers was used for analysis.
Data Analysis
The interobserver agreement for measuring the LCCI was evaluated by calculating intraclass correlation coefficients (ICCs). Significant changes of the measured parameters were defined as those exceeding the 95% Bland-Altman limits of agreement. The v 2 test with linear-by-linear association test was used to examine the association between the changes in the VD and the LCCI. The pre-and postoperative amounts of IOP, LCCI, and VD were compared using the paired t-test. 
RESULTS
Seventy-seven patients with POAG who underwent trabeculectomy were initially included. Sixteen of them were excluded owing to poor scan image quality, and five of them were excluded owing to signs of hypotony after surgery, leaving a final sample of 56 patients. Table 1 summarizes the clinical characteristics of participants. There was excellent interobserver agreement in measurements of the LCCI (mean ICC ¼ 0.979, 95% confidence interval ¼ 0.970-0.986).
At 3 months postoperatively, the IOP and LCCI had decreased significantly from 23.1 6 7.5 to 13.0 6 4.9 mm Hg and from 13.23 6 2.65 to 10.80 6 2.20, respectively ( Table 2; both P < 0.001, paired t-test). The VD had increased significantly in the LC at 3 months postoperatively (from 10.21% 6 4.72% to 11.88% 6 6.04%, P ¼ 0.006; Table 2 ). However, there were no statistically significant differences between the pre-and postoperative VDs in the layers of the PLT, PR, and PPC (P ¼ 0.307, 0.558, and 0.637, respectively; Table 2 ).
The significant changes of LCCI and VD in the LC were calculated using test-retest variability based on the 20 image pairs of 20 stable POAG patients that were obtained within a 3month period. The 95% Bland-Altman limits of agreement between the measurements were À1.63 and 1.43 for the LCCI and À1.39 and 0.94 for the VD in the LC. Based on these values, 36 eyes showed significant decrease in the LCCI, and 29 showed significant increase in the VD. Of these, 26 eyes showed both decreased LCCI and increased VD in the LC. Distribution of eyes showing significant changes in the LCCI and VD in the LC is shown in Table 3 . A significant association was documented between increased VD in the LC and decreased LCCI (P < 0.001, v 2 test with linear-by-linear association analysis).
Factors associated with the increase in VD in the LC were determined using linear regression analysis. In the univariate analysis, larger percentage reductions in IOP (P ¼ 0.040) and LCCI (P < 0.001) were significantly associated with the increase in VD in the LC (Table 4 ; Fig. 3 ). Multivariate analyses were performed in two ways to avoid multicollinearity between the changes in IOP and LCCI. The analyses revealed Values are shown in mean 6 SD, unless otherwise specified. MD, mean deviation; PSD, pattern standard deviation. that only the percentage LCCI reduction was a significant factor affecting the increased VD in the LC (P < 0.001), whereas the percentage IOP reduction was marginally significant (P ¼ 0.055). Figure 4 illustrates a case in which the LCCI reduction after trabeculectomy was associated with an increase in VD in the LC.
DISCUSSION
The present study demonstrated that VD increased at the level of the LC after trabeculectomy using OCTA. The magnitude of the VD increase in the LC was positively associated with the magnitude of the reduction in the LCCI. To our knowledge, this is the first report of changes in VD in the deep optic nerve and peripapillary tissues in human glaucomatous eyes after glaucoma surgery. Although an elevated IOP has been considered the most important factor contributing to glaucomatous optic nerve damage, 1-4 factors other than IOP have also been implicated in the progression of glaucoma. 20 The present study may provide a key to understand the link between perfusion and mechanical deformation of the ONH in the context of incisional glaucoma surgery. It has been shown that reducing the IOP increases the ocular perfusion pressure, which enhances ocular blood flow. There are previous reports of trabeculectomy improving the retrobulbar blood flow based on color Doppler imaging, [21] [22] [23] the pulsatile ocular blood flow based on the fundus pulsation Values with statistical significance are in boldface. AXL, axial length; CCT, central corneal thickness; DBP, diastolic blood pressure; SBP, systolic blood pressure.
* Only variables with P < 0.1 on univariate analysis were included in the multivariate model. amplitude, 22, 24, 25 and the ONH blood flow based on scanning laser Doppler flowmetry. 24 Comparable to these findings, recent studies using OCTA have demonstrated an increased VD in the PR after medical 13 or surgical 12 IOP lowering. The present study examined the change in VD after trabeculectomy separately in the superficial and deep layers of peripapillary and ONH tissues, and showed that the VD increased in the LC, but not in the PLT, PR, or PPC. These findings are inconsistent with previous studies showing an improved microvasculature in the PR. 12, 13 This discrepancy may be attributable to the lower preoperative IOP (23.1 mm Hg) and smaller IOP reduction (10.1 mm Hg, 43.7%) in the present study. Hollo 13 reported that VD in the PR increased after medical IOP lowering. The patients in their study had a baseline IOP higher than 35 mm Hg, and the magnitude of the IOP reduction was at least 50% from the baseline IOP. The preoperative IOP in the study of Shin et al. 12 was 26.3 mm Hg, which is higher than that in our study. That previous study found that the maximum reduction in IOP was lower in eyes not showing an improved microvasculature (11.0 mm Hg) than in those showing an improved microvasculature (19.7 mm Hg). The lower preoperative IOP and smaller IOP reduction of our patients might have resulted in the increase in the MOPP, being too small to detect a significant change in VD in the PR. Another possible reason for the inconsistent finding would be the different methodology used to quantify retinal vasculature.
In the current study, the increase in VD in the LC was associated with the magnitude of the LCCI reduction. Shin et al. 12 found a significant correlation between the improvement in the retinal microvasculature and the LC depth reduction after IOP lowering. This is in part in disagreement with our study, given that both LC depth and LCCI are parameters representing LC deformation. The principal arterial blood supply to the PLT and LC is via direct branches of the short posterior ciliary arteries (SPCA) and via vessels originating from the arterial circle of Zinn-Haller. 26 On the other hand, the retinal capillaries are supplied solely by the central artery of the retina except for sparse cilioretinal arteries. 27 Therefore, the decompression of capillaries within the LC might not be directly associated with an improved retinal microvasculature. Further, it is less likely that the reduction of LC depth relieved the compression of the large central retinal artery within the LC to result in enhancement of the retinal blood flow. The reduction of the LC depth and increased retinal VD observed by Shin et al. 12 might have been observed concurrently following a large reduction in IOP. We suggest that the increased VD in the LC found in our study reflects relief of the compression of the laminar capillaries associated with reduced the LC strain after IOP lowering.
The magnitude of the IOP lowering was only marginally associated with the magnitude of the VD increase in the LC. This may indicate that IOP reduction itself is not the crucial factor for reducing the LC strain. Our group previously found that reversal of the LC depth was not observed in 41% of eyes after IOP-lowering treatment. 28 The individual susceptibility to IOP-related stresses and strains is affected by various biomechanical factors involving the ONH, 11 and so reducing IOP might not necessarily reverse deformation of the LC. The significant influence of LCCI reduction on the VD increase (and not that of IOP reduction) in our study may indicate that microvascular changes after trabeculectomy are better represented by changes in LCCI rather than IOP itself. On the other hand, it is also possible that the relatively small IOP reduction in our study resulted in the lack of a significant influence of the IOP reduction on the VD increase. Longitudinal studies investigating the relationship between the change in LC structural and perfusion variables and glaucoma progression is anticipated in the near future. If such relationship is confirmed, imaging of the LC vasculature could serve as a tool to assess perfusion of the ONH, not only in glaucomatous eyes with high IOP requiring surgery, but also in those with normal IOP. It is possible that enhancement of perfusion to LC pharmacologically or by other means provides benefit to glaucoma patients independently of IOP. The VD in the PLT and PPC did not change significantly in the current study. The PLT and PPC are supplied by SPCA, and thus share a common arterial supply with the LC. The presence of a significant VD increase only in the LC and not in the PLT or PPC may indicate that the microvasculature improvement primarily occurs at the level of the LC, and is independent of a change in the blood flow in the choroid or SPCA. Previous studies found that the choroidal perfusion was sustained until the IOP exceeded 50 mm Hg. 29, 30 The highest and mean IOPs in our subjects were 46 and 23 mm Hg, respectively, and so it is reasonable to expect that the VD in the choroid would not change. Again, the decreased LC strain as indicated by the LCCI reduction may have contributed to relieving the compression of the capillaries in the LC, resulting in the VD increase in the LC. Whether the increased VD in the LC indicates better perfusion to the ONH axons remains to be determined.
We used LCCI rather than the LC depth as the parameter relevant to LC strain in this study. Although the LC depth has been used in both experimental and clinical studies, [31] [32] [33] it is measured from the level of BMO and so includes the choroidal thickness, which is known to vary between individuals. 34 Moreover, it is known that the choroidal thickness increases after trabeculectomy. 35 Therefore, using the LC depth as measured from BMO may result in biased assessments of LC strain. In contrast, the LCCI is not affected by the choroidal thickness, and we recently showed that it was easier to discriminate between healthy and glaucomatous eyes when using the LCCI rather than the LC depth, 17 suggesting that the LCCI is better for characterizing LC deformation in glaucomatous eyes.
It is theoretically possible that OCTA cannot detect vertically moving flow as it can detect horizontally moving flow. Given this, it is possible that the change in the LCCI influenced the visibility of the LC microvasculature. However, most of the capillaries in the laminar trabeculae run horizontally with capillary interconnections between various LC levels running vertically. 36 In addition, it has been suggested that OCTA can detect both transverse and axial flow with similar sensitivities. [37] [38] [39] [40] [41] Therefore, the influence of LCCI change on the visibility of VD in the LC might have been negligible.
The findings of this study should be considered in the light of some limitations. First, the layers within each ROI were segmented manually to produce en face OCTA images. This was necessary because the current version of the DRI OCT Triton device cannot segment the anterior and posterior borders of the LC automatically. However, all of the 320 Bscan images obtained in a single OCTA examination were carefully examined to avoid segmentation errors. Second, the OCTA modality used in the present study has limitations in the analysis of segmented layers, especially the deeper layers, because artifacts due to vascular shadowing or projection onto the underlying tissues are unavoidable. 42, 43 In addition, the VD measured using OCTA may not completely represent anatomical VD. However, our study evaluated the change in VD in the same ONH areas in each subject, which should have minimized the effect of any limitation in the microvascular visibility on our main results. Moreover, considering that the VD in the PLT did not significantly increase after trabeculectomy in our subjects, the influence of the artifacts might not have affected the conclusion. Third, although paired t-test showed that VD increase in the LC was statistically significant, the absolute amount of the VD increase was of small degree; however, the mean change exceeded the upper limit of test-retest variability (0.940), confirming that the observed change was indeed of significant degree. Fourth, the signal of the microvessels in the binarized OCTA images does not resemble anatomical vasculature, and so the VD measured in this study may not represent actual VD. However, en face OCTA images were grayscale, thus binarization was necessary to adjust interimage contrast. Last, OCTA images were obtained at two time points, preoperatively and at 3 months postoperatively, and patients were observed only for up to 3 months after trabeculectomy. However, our group previously found that the reduction of the LC depth after trabeculectomy occurred mainly before 3 months postoperatively. 8 We therefore believe that evaluating the LC change at postoperative month 3 should be sufficient to evaluate the resilience of the LC.
In conclusion, OCTA revealed a significant increase in VD at the level of the LC after trabeculectomy. The magnitude of the VD increase was positively associated with the magnitude of the LCCI reduction. This finding suggests that the reduction of LCCI induced by IOP lowering relieves the compression of the capillary within the LC and thus potentially enhances blood flow to the ONH axons. Future studies should determine whether the increased VD in the LC plays a role in preventing glaucoma progression.
